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Abstract
An experimental program is underway at Ecole Polytechnique to search for
possible non-QED new physics in photon-photon elastic scattering at low
photon energies (eV's). A two beam experiment was performed in 1995,
where an IR and a green laser beam were brought to a head-on collision in
vacuum, and possible scattered photons were searched for at an angle of 45

.
The rst phase of an experiment with an extended discovery potential has
been performed recently, in which a third beam stimulates the reaction.
I. INTRODUCTION
It is well known that light-by-light scattering cannot occur in classical electrodynamics,
for the Maxwell's equations are linear in the elds. In QED however, scattering can occur
via a box diagram containing a fermion loop. This process is sometimes called non linear
electrodynamics. Actually, at low photon energies (h!  mc
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where h! is the center of mass system (cms) photon energy, m is the electron mass,
 is the ne structure constant and r
e
is the classical radius of the electron [1]. This
cross section is extremely small in the optical domain where high brightness sources exist :

QED





QED is a theory that has been tested with utmost precision. The computation of the
box diagram is not under question. Furthermore, its contribution is involved in observed
processes such as Delbruck scattering (The QED contribution to -nucleus elastic scatter-
ing), and in a sizeable correction to the anomalous magnetic moment of the electron and of
the muon. The interest here is in the detection of possible non-QED physics at work in that
sector of low energy  scattering. One model that allows for a high scattering cross section
is the composite photon theory [2]. Photon scattering via the exchange of an axion has also
been considered [3], but with cross sections even smaller than the QED cross section.
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II. THE TWO BEAM EXPERIMENT
The two beam experiment [4] was performed at LULI [5] in 1995. A Nd:YAG beam at
1.05 m was brought to head-on collision with a doubled Nd:YAG at 0.53 m in vacuum,
with energies of 70 J and 30 J respectively, w = 30 m spot size at 1=e
2
, and 600 ps in
duration, at a repetition rate of one shot every 20 min. The signal was searched for at 45

in the forward direction with respect to the green beam, that corresponded to a wavelength
of 0.6 m, in the yellow part of the spectrum. The interaction point was imaged onto the
entrance slit of a spectrometer. The ltered photons were detected by a photomultiplier
(PMT). Additional lters blocked the background noise of the photons with wavelengths of
the incoming beams. No signal was detected in time coincidence with beam crossing. An







This two beam experiment was a rst exploration of  scattering. We have demon-
strated that the background noise can be mastered down to 10
 21
. The obtained upper
bound on the cross section allows us to exclude the theory of composite photons ( pairs)






. Yet we are still at 25 orders of
magnitude from the QED background.
III. THE THREE BEAM EXPERIMENT
The rst phase of an upgraded experiment has been performed recently at LOA [7]. Not
only do we stimulate the reaction with a third beam [8], but we also use shorter beams,
focused to smaller spot sizes, and at a repetition rate of 10 Hz.
In elastic scattering, the values of the energies, e
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, of the incoming
























, where indices 1,2 denote the incoming photons, 3,4 the outcoming photons.
In simple elastic scattering (ie. non stimulated), the nal state is determined by two
parameters (eg. the Euler angles of the decay axis in the cms). Here we stimulate the reaction
by the third beam, with a wavelength 
3
; this xes one parameter. The direction of beam #3
must lie on the cone of allowed direction for a scattered photon at 
3
. Its position on the cone





















= 800 nm, 
3
= 1300 nm), while the








= 577 nm). In this conguration,
the photons of the input beams that scatter in the residual plasma or on the optics can be
easily ltered out, and the signal can be easily detected. Furthermore, the wavelength of
the signal is far from the wavelengths of the harmonics of the input beams, that are always
present in a high intensity beam.
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FIGURES
FIG. 1. Layout of the experimental apparatus. Only beam #3 is shown.
The 3 beams are focused by a single optics made of a pair of spherical mirrors (Bowen)
with a coronal pupil of width 30 mm, and an equivalent focal length of 100 mm (g. 1). The
paraxial surface of the Bowen is a cone with a half angle of 33.6

. A left-right symmetric
conguration is chosen (g. 2) with the main beams at an angle ' with respect to the




, ' = 67:4

. As the three beams are injected on
that cone, the expected signal is also on the cone.
FIG. 2. Angular conguration of the 3 beam experiment, in the pupil plane of the focusing
optics.
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The characteristics of the beams are chosen so as to optimize their overlap at the inter-
action point (IP). The optimum is obtained for round beams, with the waist w of the order
of the FWHM bunch length c .
The two main beams at 805 nm are produced by a Ti:Saphire laser chain with 3 am-
plifying stages [9]. Gaussian beams with 0.4 J energy, 55 nm spectral width, 40 fs FWHM
duration are delivered at 10 Hz. A pair of tunable frustrated internal reection attenuators
allows the reduction of the intensity of the main beams without degrading their optical
quality or modifying their angle and synchronisation. Then, the two beams enter a vacuum
chamber where they are expanded to a diameter  = 2 w = 30 mm, temporally compressed,
and transported to the experimental chamber. A fraction of the beam is collected after
the second stage to feed the optical parametric amplier (OPA) that produces the beam at
1300 nm.
The 3 beams are injected into the Bowen with a diameter  of 30 mm. A low intensity
image of the focal spot of each beam is obtained outside the chamber with a unit magni-
cation, by a combination of a silica slide and of a non coated silica spherical mirror (g.
1). The image is enlarged by a microscope objective with a magnication of 40 (20 for the
1300 nm beam for which the CCD sensitivity is low) on a CCD camera. Typical spot sizes,
w, of 4 m (main beams) and 6 m (1300 nm beam) are obtained | to be compared to the
bunch length c  12 m.
The expected signal photons are collected by a telescope with an f number of 1.9, imaged
onto the entrance slit of a spectrometer with a transmission factor of 59 % at 577 nm, and
detected by a photomultiplier (PMT) with an eciency of 5 %. A BG38 lter further blocks
the IR photons. The signal from the PMT is 10 ns in duration at the foot and is digitized
by a CAMAC ADC with a gate of 25 ns.
The relative alignment and synchronisation of the three beams at the IP involves a
correlated procedure due to the conguration used and is performed in several steps. First,
the three beams are prealigned at IP on a single camera located on the axis of the Bowen,
with a microscope objective with a large aperture of 0.65, and their waists are brought
into a common plane perpendicular to that axis. The common position of the 3 spots in
that plane is adjusted so as to minimize their aberrations. Then, a pre-synchronisation
of the laser pulses is performed with a precision of 25 ps with a fast diode and a 7 GHz
oscilloscope. The ne alignment is obtained by making each laser punch its own hole in a
10 m thick aluminum foil. The synchronisation is then rened down to 100 fs by observing
the perturbation of a low intensity beam after a plasma was created by a high intensity
beam in a nitrogen gas jet with a pressure of about 0.3 bar. At last, the ne synchronisation
is done by observing four wave mixing (
(3)
) in the gas jet.
For this last step, the laser intensities are tuned just below plasma threshold. This
method results in the spatial alignment and synchronisation of the beams with an upmost
precision. Furthermore it maximizes the signal in exactly the same conguration as that for
the experiment in vacuum. This shows up clearly in the comparison of the growth rates of
the four wave mixing in a gas and QED stimulated photon scattering in vacuum.
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IV. FOUR WAVE MIXING AND QED STIMULATED PHOTON SCATTERING
Four wave mixing is a non linear process that appears in the interaction of high intensity
beams in a medium. The evolution of the elds in the medium are described by the Maxwell's










































(t) + ::: (3)
Here we study the interaction of three incoming beams. We see that a source term is present,





































































Let's now turn to QED stimulated photon scattering in vacuum. The insersion of the






















































































































































K is a factor that depends on the directions of the incident beams and of their polarisation
(K < 14). In our conguration, we have K  0:56.
The equations describing the growth rate of E
04
of 4 wave mixing in a gas and stimulated
photon scattering in vacuum have the same form. Therefore we can dene [11] the QED



















The typical sensitivity of the delay of the third beam is of the order of 20 fs, which shows
that the duration of the beam provided by the OPA is similar to that of the pump beams.
The 
(3)
signal was observed in the gas jet with main laser energies of a few tens of
J, and an OPA energy of 200 J. Up to 5: 10
4
photons were observed. The origin of the

(3)
signal was identied not only as a non linear eect requesting the presence of the three
beams at the same location and at the same moment, but also by its spectrum (g. 3).
FIG. 3. Spectrum of the 
(3)
signal, with a gaussian t. The maximal value in 200 shots is
shown as a function of the central value of the spectrometer, with an exit slit of 3 mm, equivalent
to a spectral range of 9 nm.
The FWHM spectral width 
4
= 22 nm corresponds to a Fourier limited FWHM
duration of 22 fs. To our knowledge, this is the rst observation of large angle four wave
mixing.
The search of a possible signal in vacuum was interspersed by the observation of the 
(3)
signal in the gas jet with an excellent long term stability : after a fraction of an hour the

(3)
signal was still present, and of the same order of magnitude. Scattering in vacuum was
searched with laser energies of 150 mJ, 55 mJ and 200 J, and with a spectral acceptance
of 30 nm.
At high residual pressure (P > 5: 10
 4
mbar) we observe a BG noise from the residual
plasma. At lower pressure, the remaining noise is due to the creation of white light on
specic imperfect parts of the optics that could not be xed.
Data were taken at 10
 4
mbar, with an integration time of 100 s; that is 1000 laser shots.
For most of the laser shots, no photo-electron (
e
 
) was detected in the PMT. The fraction
of the laser shots, with at least 1
e
 
is presented in table I.
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TABLES
TABLE I. Number of laser shots with at least one 
e
 
in the PMT, in a 1000 shot run, for
various experimental conditions.
beam 1 alone 19 
e
 
beam 2 alone 42 
e
 










No evidence for an excess non linear contribution of the three beams was observed.
VI. EXPERIMENTAL LIMIT OF THE ELASTIC CROSS SECTION
We compute the expected number of observed scattered photons from the integration of

















































, are the quantum
eciency of the PMT, the transmission of the spectrometer, and a loss factor due to a
transverse oscillation of beam 2. We estimate that after compression, transport, and taking
into account only the fraction that is contained in the central spot at focus, 10% of the laser
energy is actually available.
We obtain nally a QED prediction of N
4
 6:2  10
 20
per shot while the observed limit
is  6  10
 3
per shot : the obtained limit is 17 orders of magnitude from QED, that is a







FIG. 4. Elastic photon cross section at a function of photon cms energy.
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VII. CONCLUSION
The experimental program for the search of  elastic scattering in vacuum is in progress
at Ecole Polytechnique.
A two beam experiment has been performed in 1995 at LULI. Two high power, short
pulse laser beams with dierent wavelengths were brought to a head-on collision in vacuum.








A three beam experiment is now in progress at LOA. The third beam is used so as
to stimulate the reaction. In a recent run, we have validated the proposed experimental
techniques. In particular, we have achieved the routine alignment and synchronisation of
three 4 m, 40 fs laser beams. The last step in the procedure is the maximisation of four wave
mixing in a gas in exactly the same conguration as for  scattering. To our knowledge,
this is the rst observation of large angle 4 wave mixing in a gas.
No evidence for  scattering was observed. From a preliminary analysis of the data,







orders of magnitude from QED.
Several orders of magnitude could be gained by an improvement in the tuning of the
laser, the OPA, by an increase of the available fraction of the laser energy in the central spot
at focus, by further work on the background noise, and by xing the transverse oscillation
of one beam.
Actual observation of the QED eect will wait for the availability of short pulse lasers
in the 10 J class, probably in the next decade.
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